A phenomenological theory to describe the electromagnetic properties of granular superconductors, based on known bulk superconductors expressions and conventional Josephson's junctions tunneling currents, is presented and successfully used to fit distinct experimental results for the magnetic susceptibility χ as a function of the temperature and the applied magnetic field of rather different samples.
I. INTRODUCTION
The influence of the granular structure on the electromagnetic superconducting properties has been consistently recognized [1] , and simple formulas and models were used to account for the main features of the ac susceptibility χ(B, T ) as a function of temperature (T ) and magnetic field (B) . The critical state model [2] , and its extended versions [1, 3] , have been useful in interpreting the observed values of the magnetic response of type-II superconductors and the underlying interplay between pinning and creep forces on Josephson vortices in the grain and intergrain regions, both in zero-field cooling and field cooling experiments [5] [6] [7] [8] [9] [10] . Other effects, such as phase coherence and decoherence phenomena, peculiar to Josephson junctions and the quantum interference effects in the loops, add extra complexity to the polycrystalline magnetic response. In general, these effects have been neglected or taken into account only partially (or indirectly) to describe the ac susceptibility in polycrystalline superconductors. It is the purpose of this paper to consider them explicitly, to deduce a simple formula to describe the granular superconductors susceptibility in terms of the Josephson junction and loop areas, the penetration depth, the decoherence decay length and a critical exponent, and to show the ability of the formula to account qualitatively and quantitatively the rather complex behavior of χ(B, T ). To illustrate this, magnetic response data of quite different samples are considered and fitted with fairly good results.
The understanding of the granular structure influence on the electromagnetic properties is not only of relevant interest but also of a challenging nature. Many effects, related with the phase coherence and Josephson vortices pinning and displacements, combine to give rise to fluorishly different experimental results. Careful measurements reveal subtle and systematic quantum coherence phenomena that affect the order parameter of adjacent superconducting grains and produce well defined field-and sample-dependent oscillations, apparent in the critical transport and screening currents behavior [11] [12] [13] [14] [15] [16] [17] .
In the last years we have been interested in high precision measurements of critical transport and screening currents as functions of the temperature, magnetic field and the granularity of the superconducting samples. The main idea in these experiments was to reduce the effects of macroscopic averaging [18] [19] [20] . Recently, a phenomenological theory of the Josephson junction between two superconducting grains, taking into account the effects of coherence and decoherece decay lengths on the order parameter, has been suggested to describe the Ambegaokar-Baratoff to Ginsburg-Landau transition in the temperature behavior of the critical transport current [21] .
In the present paper, we study the behavior of the magnetic susceptibility χ as a function of the temperature and the external magnetic field. The measurement of χ permits to study the tunneling phenomena far away from the critical points and limits the current paths to a few adjacent grains. For this report we consider two quite different samples: a "bad" and porous sample B, with irregular grains and low magnetic susceptibility, and a "good" sample G, with closely packed parallelepiped shaped grains and much higher value of χ (see Figure   1 ). The "bad" sample susceptibility also presents oscillations and a pronounced decrease of χ with increasing magnetic field (see Figure 2 ).
The contentsof this paper are as follows. In the second Section we recast the Clem's picture of the screening currents in granular systems. We then recall, in Section III, some basic and known expressions of the superconducting theory and 'put them together' in a kind of phenomenological formula to describe the real part of the ac susceptibility. In Section IV, this phenomenological theory is applied to rather different granular superconductors, and finally in Section V we give a brief discussion.
II. SCREENING CURRENTS IN GRANULAR SYSTEMS
It is well known that the basic magnetic properties of ceramics are created by the currents circulating inside the grains, which tend to expel the external magnetic field from parts of the volume (regions of the type I in Figure 3 ) and thus lead to a diamagnetic behavior. Following In Figure 4 , the current 1 flowing over the external part of a cluster circulates in the same direction as the intragranular currents. This current has a diamagnetic character and raises the value of |χ|. However, it does not expel the external magnetic field completely from the junctions. The internal part of the circuit contains the current 2, flowing in the opposite direction, though alongwith the currents inside the grains, it is of paramagnetic character [14, 22, 23] , and permits the passage of some vortices of external magnetic field through the intergranular region V.
III. THEORY OF THE MAGNETIC RESPONSE IN POLYCRYSTALLINE SAMPLES
As in the case of the critical transport current, the behavior of the magnetization current presents systematic sample-dependent oscillations. These oscillations in polycrystalline and highly random systems, with low density of irregular grains, can also be explained reasonably well in terms of the superposition of Josephson junction and quantum-interfering intergrain currents. Therefore, the total current contains the contributions of the Josephson type
and loop currents
Here j c is the lowest junction's critical current in the loop l, φ J is the magnetic flux through the junction's area given by
and φ l the magnetic flux through the loops's area taken as
At this level we have the fundamental quantities in terms of the basic granular parameters:
the distance between two adjacent grains d, the junction size r J , the loop area r l and the magnetic penetration length λ J whose temperature dependence is
with λ o the zero temperature penetration depth and β a positive critical exponent (in BCS theory β = 1/2).
In macroscopic samples, different areas of junctions and loops are possible. Therefore, the total magnetization current j M can be thought of as the superposition of a collection of loop currents j l modulated by j J . Thus, to describe the magnetization current we shall consider the expression
where
and ζ o is the zero temperature decoherence length defined as in reference [21] . In polycrystalline samples many of these parameters vary randomly. Notice that the temperature dependence is not completely factorized because both φ J and φ l depend also on the temperature, and α and ζ o depend on the magnetic field.
On the other hand, taking into account that the magnetization current and the susceptibility are quantities proportional to each other, it is possible to conclude that the real part of the susceptibility χ is described by a similar function [4] , i.e.
The magnetic field dependence is like that in equation (7). For small values of B, applied in the experimental measurements discussed below, we can safely assume that the sum upon the junction and loop indices can be substituted by a contribution of a junction and a loop with "effective" areas S J,ef f and S l,ef f , such that
These equations will be used, in the next section, to adjust the experimental points choosing different values for the parameters α, ζ, χ o , S J,ef f and S l,ef f . Taking d ≈ 0, and the "average" value of λ o (λ o ≈ 3000nm) [24] , it is also possible to estimate the "effective" values of r J,ef f and r l,ef f .
IV. EXPERIMENTAL RESULTS AND DISCUSSION
As mentioned above, a more flexible but rigorous application of the definition of the critical parameter lead us, as in previous works, to determine reliable and precise measurements of critical transport currents as functions of the magnetic field, based on direct transport critical currents measurements for different temperatures, [18] [19] [20] . Similarly, direct temperature dependence of the magnetic susceptibility χ in polycrystalline superconducting samples allows us to determine, with high precision, the magnetic field dependence of χ for different fixed temperatures.
In the experimental procedure, partially explained in references [18] [19] [20] , the temperature is slowly raised by natural heating during the experiment, while the external magnetic field is kept constant. In this way, a set of temperature dependent susceptibility data is obtained. Figure   1 we observe the different structures of samples G and B that will be analyzed in this paper -sample B with grains separated by inter granular dark regions and sample G, with closely packed grains and a minimum spacing between them (see Figure 1 ).
The samples were cut and polished in the shape of thin disks and then mounted on cooper paste in order to decrease the temperature gradient. The temperature of the sample was measured with a platinum resistor and a Lake Shore detector. These samples were cooled in an APD SCS cryostat adapted for AC susceptibility measurements. The output signal was processed with a Lock-in amplifier.
In Figure 2 , the susceptibilities of samples G and B, are plotted together to make evident the influence of the physical structure on the behavior of χ as a function of the temperature and the external magnetic field. In the case of sample B, χ takes relatively low values even for a low temperature (35K) and zero magnetic field (see Figure 5) , and the constant temperature susceptibility as a function of the magnetic field decreases with visible oscillations due to the Josephson junction effects. The susceptibility reduces rapidly with increasing temperature, from 0.49 (at T = 35K) to 0.38 (at T = 70K). At B ≈ 250µT , the magnetic field effect on χ is weaker because some junctions are already disconnected and χ is controlled mainly by the diamagnetic properties of the grains. The high-temperature curve oscillates with the magnetic field less than the low temperature curve for the same reason.
The susceptibility shown in Figure 6 for sample G exhibits a completely different behavior In all cases, it was possible to fit the data by choosing the values of r J , r l , ζ, α and χ c (0, 0), as indicated in Table I . Besides the sample-dependent (zero field and zero temperature) scaling susceptibility factor χ c (0, 0), which comprises the global magnetic field response, the critical exponent α, the decoherence length ζ, and the Josephson junction and loop effective areas values, correspond quite well to the samples characteristics. In the case of sample B (see Figure 5 ) the adjustment is not exact, due to the irregular shapes of the grains and junctions. The fitting is far more better for sample G, where the loops of currents do not play an important role (see Figure 6 ). The major difference within the parameter values in Table I appears in the parameter r l , which for sample G is practically vanishing, while for sample B it has a relatively high value. In sample B the porous structure forces the Cooper pairs to larger loops around the intergrain regions V. On the contrary, in sample B such loops are not necessary because the grains are arranged very closely.
Concerning the critical exponent α appearing in the polynomial and exponential temperature dependent factors, we notice that their values remain between 1/2 and 1 (increasing with the magnetic field), as was found already in previous reports, where the order parameter was shown to decay exponentially because of the intergrain tunneling process. Finally, the fitting values of the decoherence length ζ, are more or less the same for both samples and, as expected, grow with the magnetic field.
V. CONCLUSIONS
In this paper we studied another physical quantity characterizing the polycrystalline superconductors electromagnetic properties. We show that, as for the critical transport currents, the Josephson and loop's interfering currents have, depending on the sample quality, different degrees of influence on the magnetic field response. The susceptibility of equations (8) and (9) 35K  40K  45K  50K  55K  60K  65K  70K 
